The quality control of weather data is a necessity and a responsibility of meteorological services that store, distribute, and use these data. In the present work, a newly designed quality control procedure for daily rainfall data is presented after it has been adjusted and tested with more than 10 7 data from 1726 daily rainfall measurement sites in Catalonia. It is applicable to data from different origins (e.g., automatic weather stations or manual historical measurements). The procedure is focused on relative comparison of daily data with reference stations that are automatically selected after an initial estimation of their quality and a proximity study regarding location and correlation. The presented procedure has been verified taking advantage of an available network in the study area that has been routinely quality controlled by technicians of the Meteorological Service of Catalonia. The newly designed quality control procedure for daily precipitation yields good results, especially for extreme values: type I error under 10% is found for values up to 150 mm (error decreasing for lower values) and type II error is under 16% when reported values are twice a measure of 50 mm or more (error decreasing for more extreme values). After the application of the quality control procedure, a selection of series with the minimum desired quality is achieved.
Introduction
The World Meteorological Organization claims the importance of quality controlling meteorological data and encourages organizations entrusted with data collection and storage to apply such procedures following some guidelines (WMO 2008) . Nonetheless, there is not an established quality control procedure for precipitation data (Branisavljević et al. 2009 ) and a summary of existing methods developed by different authors and organizations is presented below. Shearman (1975) proposed a quality control routine developed and applied in the Meteorological Office. It was based on an interpolation from surrounding observations that enabled comparison with the value that needs to be checked and could perform a reconstruction in case of accumulations, shifted day, or erroneous time measurements. Romero et al. (1998) presented a study using a 30-year database of daily rainfall data (from 1964 to 1993) for the Mediterranean regions of Spain. The database was created by selecting 410 stations of the study area (with an average distance of 15 km between them) from a number of 3366 available measuring sites. A quality control procedure developed by the authors was performed to the originally available data by means of an iterative estimation of the considered value as an interpolation from reference stations. Missing values were filled using the same interpolation method. González-Rouco et al. (2001) studied the homogeneity of series of monthly precipitation in the southeast of Europe (including the Iberian Peninsula, the south of France, and the north of Africa) in the period , with a quality control consisting in trimming outliers which overpassed the threshold of three times the interquartilic range above the third quartile, and concluding that the detected outliers were caused by the climatology rather than errors in measurement. Abaurrea et al. (2004) , in the development of a daily rainfall database of the Ebro basin, followed a methodology to manually classify rainfall daily series into Boptimum,^Bauxiliary,^or Bnot useful^categories after checking the most common problems in manual observations. Feng et al. (2004) used a series of checks in order to flag erroneous data and remove it before reconstruction of missing values and homogeneity controls. The outcome was the building of a daily dataset for 1951-2000 in China; the quality control checks extreme limits, internal consistency, temporal outliers, and spatial outliers. Viney and Bates (2004) studied the extension and implications of missing values filled with zeros in Australia, in particular, the case of rainfall weekly accumulations reported as daily values. You et al. (2007) explored the performance of three different tests for precipitation based on empirical statistical distributions underlying the observations and decided to adopt the Multiple Intervals Gamma Distribution (MIGD) method for their data. Chen et al. (2008) described an automated and objective protocol established at NOAA's Climate Prediction Center to quality control, on real time, daily information of gauges in the Global Telecommunications System. Their procedure compares historical gauge records, contemporary observations at nearby stations, satellite estimates, and numerical forecasts. Einfalt et al. (2008) presented a procedure to quality control a 5-year database (over 200 stations in central Europe) of subdaily meteorological data. The quality control checked the completeness of the series, errors of physically impossible values, variability of consecutive values (large variations would be suspicious), constant values (not plausible for long time intervals), internal consistency (checking the joint evolution of different meteorological variables measured at the same site), and spatial consistency (comparing values measured at different but spatially nearby sites). Sciuto et al. (2009) developed a procedure to automatically classify daily rainfall data as Bvalidated^or Bnot validated^before further manual check. This procedure consists in comparing observational data at one station with data at reference stations making the validation by means of a neural network previously trained with historical data which had been already validated. Vicente-Serrano et al. (2010) constructed a database of 828 daily rainfall series for the northeast Spain, with varying coverage, for the period 1901-2002. Data of the initial 3106 observatories were reconstructed, quality controlled (rejecting 0.1% of the values), and homogenized. The quality control applied identified spatial outliers by comparing the rank of each precipitation value with the corresponding rank of the precipitation measured at a nearby observatory. Nie et al. (2012) applied several steps of previously established quality control procedures, namely, outlier filtering, duplication station check, internal consistency check, extreme value check, temporal consistency check, and spatial consistency check. Recently, Serrano-Notivoli et al. (2017) developed an automated quality control for daily precipitation data which compares each daily value with a set of two predictions obtained from reference series (one of them is a binomial prediction showing the probability of dry or wet day; the other is a magnitude prediction that estimates the amount of precipitation for the given day).
Even if there is not an established quality control procedure, most quality checks tend to start by cleaning big errors before facing doubtful or more difficult cases (as mentioned by Einfalt et al. (2008) , it is an approach that yields good results) in order to gain increasing quality. Regardless of the methodology, it should be noticed that the dataset can never be completely free from errors and that rainfall variability plays an important role in the trickiness of quality control procedures, especially in the case of daily data.
The Meteorological Service of Catalonia (SMC) is a public company attached to the Department of Territory and Sustainability of the Government of Catalonia, which is responsible for managing meteorological observations and prediction systems in Catalonia. This organization works to recover and store all meteorological data generated by the networks of official weather stations in Catalonia during its instrumental history, since the end of the eighteenth century. These data have been managed by several different organizations over the years. In this way, the set of initially available data is a mixture where several methods of measurement were involved, with different protocols of quality control and metadata coding, if any were applied. New data is continually incorporated into the SMC database, either by new measures (almost in real time) or by historical data recovery; data rescue as well as reconstruction and homogenization of emblematic and representative series of a wide area of the Catalonian territory are tasks that concern the Area of Climatology of the SMC, while the quality controls of the new incorporations are daily operations of the Quality Control Team.
The quality control of weather data is a necessity and a responsibility of the meteorological services given that the assurance of the good quality of stored meteorological data is extremely important for meteorological and climatic studies that could be performed nowadays or to be used in future studies that might require long series of quality controlled data. Besides some automatic control procedures, the operative method used by the SMC since 2008 to perform daily Quality Control is based primarily on closely tracking each episode of precipitation by an experienced technical team for an eventual manual intervention in order to guarantee, for instance, a 100% of completeness in the daily and subdaily series. However, this method cannot be applied to all historical data since it uses, for instance, radar images, not available before the 1990s. Nevertheless, the quality labelling of the historical data is an important goal to achieve. Due to the highly irregular rainfall behavior in Catalonia, the estimation of individual values to eventually complete series will only be possible after performing a detailed study, different for each case, using all the available metadata.
In this way, and after important tasks of data rescue have been accomplished in recent years, the volume of data and metadata that was dispersed as a result of a very convulsive and heterogeneous meteorological past has been significantly increased. Now, the SMC database contains over 10 7 daily rainfall values and a tailored quality control procedure is needed in order to approach a global vision of the quality of the database as well as singling out the best series for specific studies. The set of historically available daily precipitation in Catalonia has recently undergone the quality control which is presented in this paper. It is aimed at trimming gross errors and assessing the quality of the existing series as well as obtaining a quality controlled dataset with uniform procedures that the SMC can subsequently benefit from.
The designed methodology of quality control of daily precipitation presented in this paper has been inspired in the previously reviewed methods but has been tailored to the needs of the SMC data, so an innovative relative control has been incorporated based on the idea of giving maximum credibility to the quality of the data collected between 2008 and 2016 by the automatic meteorological stations of the XEMA network managed by the SMC, which was designed to represent properly the anisotropy that precipitation presents in the territory due to the orography and the meteorological situations originating it. According to the policy of the SMC, the objective was to improve the quality of the database in successive approaches that could be implemented at different phases and produce results at each step. Therefore, the first phase is designed to trim physically impossible data and manually check the few most exceptional cases and correct them if necessary. The second phase consists in increasing the knowledge of the quality of available series in the database. Finally, a third phase consisting in a spatial comparison of daily values is applied in an automated way with adjusted parameters that represent the rainfall climatology of the territory (obtained from a spatially dense network of already validated series of automatic weather stations, although only available in recent years).
The quality controlled dataset is currently being used, for instance, in a project aimed at obtaining maximum expected precipitation and intensity-duration-frequency relationships (Casas et al. 2007; Rodríguez-Solà et al. 2017; CasasCastillo et al. 2018) at high resolution over Catalonia, which requires a reliable database of daily precipitation observations with a strict quality control.
Historical sources and available data
The precipitation database contains daily measures taken at various points located within the territory of Catalonia and, even, in the proximity of its borders (Andorra or Aragon) which are useful in relative quality controls, i.e., those comparing daily rainfall values with measures at nearby stations for the same day. These data come from official weather networks of manual measurements (like the Meteorological Network of Catalonia and the Balearic Islands created in 1894) or automatic weather stations (like the ones managed under the Spanish Automatic Hydrologic Data Collection System (SAIH) which started to operate in Catalonia in 1996). The database contains a total of 1726 daily rainfall measurement sites, each one of them uniquely corresponding to what has been called as a meteorological station. Any change in the location of a measurement instrument has given rise to a different meteorological station, managed under a different and unique code. Table 1 shows the number of stations for every available network used in this work, distinguishing between manual weather stations (MWS) and automatic weather stations (AWS) in each case. The average series length and the first year with an operational station have been included also.
Most available stations were operative before the existence of current meteorological services. In the case of Catalonia, both the Spanish Agency of Meteorology (AEMET) and the SMC are currently managing operative networks and have been rescuing and storing historical meteorological data measured in the study area. SAIH is a network of automatic weather stations that monitor the hydrological basins of Spain and it is organized in a subnetwork for each basin, in the case of Catalonia the oriental basins are managed by a different organization than the occidental basins. XOM is a network of manual observers managed by the SMC and established in 2009 with the objective of expanding the availability of meteorological data and weather surveillance.
The spatial density of measurement points is very high (see Fig. 1 ), with an observed mean distance between stations of 1.4 km, but most series are short (80% of them are shorter than 30 years), while in a few cases, they are exceptionally long (nearly 3% of the series are longer than 75 years). In any case, it should be noted that given a desired length, it is possible to continue to cover the entire territory in a uniform way, while losing density of stations. For example, by selecting the series of at least 30 years, the observed mean distance between stations is less than 5 km. The temporal period in which there is availability of daily precipitation data extends from the year 1855 to the present (in this case, the study ends in 2014). Despite the antiquity of the first data, it is not until 1895 that a dozen stations were available simultaneously and, hence, a network was established (Anduaga 2012) . The temporal evolution of the number of available series (Fig. 2) presents an overall increasing tendency with a remarkable growth in the decades of 1920s (Prohom 2006 ) and beginning of 1930s, a drastic decline in the second half of the 1930s (caused by the Spanish Civil War) and a sharp increment in the mid-1990s with the starting of the bulk of automatic stations.
The fact that these meteorological stations were managed by many different organizations has the consequence of initially available data coming from a mixture of different methodologies of measurement (manual and automatic), quality control procedures, and metadata encoding. In this work, the same quality control has been applied to the entire set of data in order to unify criteria.
Methodology
As commented in the BIntroduction,^there is not an established quality control procedure for precipitation data (Branisavljević et al. 2009 ) and various authors (Shearman 1975; Romero et al. 1998; González-Rouco et al. 2001; Abaurrea et al. 2004; Viney and Bates 2004; Einfalt et al. 2008 ) use different methods according to the needs and characteristics of their data. The main problem of the quality control of precipitation, especially for daily data, is a great inherent variability, both spatial and temporal, especially in the western Mediterranean region (Romero et al. 1998) .
In the present work, the quality control method consists of several steps (Fig. 3) with the object of selecting out the series with the best quality and detecting possible errors, beginning with the more serious ones and progressively enlarging the level of detail. The quality of the database is increased and the selection of series for specific purposes becomes easier once doubtful data is flagged and the quality of each series is estimated by a quality index. Nonetheless, data modification is only done when the correct value from the original source can be checked and removal is only allowed in clear cases of error (e.g., physically impossible data).
In the final step, a relative method is used for comparison of daily values where the issue of variability is dealt with by applying a more lenient threshold at higher distances; in this way, the method reduces the number of erroneously flagged values caused by local episodes. Furthermore, the whole quality control process can be adjusted and verified in our study 
Basic quality control
First of all, it is necessary to be sure that the available data are physically possible; in our case, it is necessary to verify that daily precipitation data do not contain negative values or extremely large values. The upper threshold for physically impossible values has been set taking into account the climatology of the study area. The maximum value of the probable maximum precipitation (PMP) in 24 h determined in Catalonia by Casas et al. (2008) was 570 mm, being 430 mm the highest daily rainfall ever recorded in Catalonia, collected on 13 October 1986 in Cadaqués (in the coast, at the northeast) during a flooding episode, comprehensively studied (Vigneau 1987) , known as BAiguat de Sant Eduard.^Thus, values above 570 mm incorporated in the database might be errors from the digitization process, values intended to encode metadata and erroneously taken as precipitation values or undetected accumulations.
Within the basic controls, also cases of daily precipitation exceeding 300 mm have been reviewed, analyzing each case with help of graphic representations and consulting, if possible, the original values or the synoptic situation (from reanalysis).
Finally, the last of the basic controls is to detect identical values repeated for two or more consecutive days, using a filter based on the number of consecutive days and the repeated value, in order to manually review the most serious cases (the highest repeated values or the longer spells). Many of these cases are encoding errors, as, for instance, a common old procedure in cases of taking measures after more than 1 day of precipitation was to divide the measured value by the number of days in which the accumulation lasted and to write down the equally distributed value to each one of the days. In these cases, the total precipitation amount can still be used, for instance to calculate monthly precipitation, but it leads to incorrect daily values.
Absolute quality control
The absolute quality control consists in analyzing the series individually and labelling them, by means of an automatic process, according to their probable quality. With this objective, a quality index has been designed, considering the possible problems that are common in daily precipitation series. This quality index, Q, takes values between 0 and 100 and indicates the absolute quality of the series, so that values above 80 indicate acceptable quality and below 50 very low quality. Q is calculated according to Eq. (1) and its value was assigned to each station for every year of the samples.
The terms of Eq. (1) are the following:
& P: percentage of annual data, calculated as the number n of available daily data divided by 365 (or 366 for leap years) & Q gaps : index that takes into account the distribution of gaps, penalizing mostly hollow interspersed with data, more than cases of unique periods without measurement. If n gap is the number of empty days, L max gap the length of the 2720 A. Llabrés-Brustenga et al. index that indicates the probability of having systematic cases of accumulations of two or more days which had not been identified. It is based on the fact that the number of precipitation days in a given year should be independent of the day of the week. In the case of detecting a day of the week with rainfall much less often than the rest throughout the year, the value of this index decreases. However, Q w zero is not useful to detect in which moment the accumulation occurred and gives the same treatment to false zeros and to null measures that repeatedly occurred on a specific day of the week. It is calculated from Eq. (4), using the coefficient of variation CV (standard deviation divided by the mean value) of the set n i (i between 1 and 7, one per every day of the week) that contains the number of days with precipitation equal or higher than 1 mm. It can be calculated as long as the studying year has a minimum of 20 days measuring precipitation equal or higher than 1 mm
& Q outliers : index related to the proportion of days in which the threshold of outliers is not exceeded with respect to the total number of days of the given year. This threshold is calculated in absolute terms for each month, i.e., it does not depend on the given year, using daily precipitation data equal to or greater than 1 mm and three times the interquartile range above the third quartile Figure 4 shows the values of the global index Q (averaged over the whole period of availability for each series) calculated for all the series of this study (1726 in total). A distinction is made between manual stations and automatic stations. As expected, the series coming from automatic stations have shown better global quality indexes than manual stations (which are much more numerous and usually longer, so they have potentially more problems). The average value of this global quality index in the whole set of considered stations is 81.7, the median is 87.1, and the first and third quartiles are, respectively, 77.3 and 90.6; we remind the reader that a value of Q = 80 was considered, following the definition of the index, as the minimum allowed index for the selection of series according to its absolute quality.
Relative quality control
This step consists in comparing values measured at a station with those indicated by auxiliary stations available. Apart from the choice of reference series, a source of problems in relative controls at daily level is the comparison between values that are shifted, thus having a correct value but it being assigned to a wrong date (usually shifts of 1 day). The problem of the shifted day is a common source of errors in daily rainfall data basically caused by the need for a convention regarding the date at which rainfall should be assigned when it is measured in the morning of 1 day but has been collected during the previous 24 h (which mainly correspond to the previous day). It is difficult to address this sort of problem: one option is to compare daily values with the corresponding day of the reference series and also with the values shifted 1 day. Another option to address the issue is to obtain the outcome of the quality check as if no shift was present and then go over the cases of sequentially flagged values in order to determine if they correspond to a shifted period. The second course of action is the one we have chosen to avoid an additional complication of the automated procedure, although the results have been difficult to interpret in some cases. For instance, when short periods of shifted values were observed in coincidence with similar values not flagged as errors in the shifted series. In order to select auxiliary stations suitable for comparison with the candidate station, an index is designed to classify their adequacy or representativeness R according to their spatial coordinates (considering distance and difference of altitude) and the correlation between measured data. This representativeness index is assigned to each couple Bcandidate station^-Bpossible auxiliary.^Representativeness R is calculated using the expression (5), where d is the distance (in km) between the two stations, h is the difference in altitude (in m), and C corr is Pearson's correlation coefficient between the daily data of the candidate station and those of the auxiliary station. The distance term takes values between 0 and 1 linearly decreasing with distance up to the maximum considered radius (50 km). The altitude term takes also values between 0 and 1 but, in this case, it decreases exponentially with altitude difference increase so that there is no upper limit to permitted altitude difference even if, at the same time, small differences are considered more alike than greater differences which are highly penalized with a term approaching the null value. Regarding the correlation term, in the cases in which the value of C corr is negative, a null value is assigned to this coefficient, as well as in the cases in which the candidate station and the auxiliary do not have a minimum of 25 days in which both have values of nonzero precipitation. Apart from the correlation term which ensures reference series with a similar rainfall pattern, the terms of distance and difference of altitude have also been considered necessary because of the orography of the territory. Indeed, in the study area, great differences of altitude may be present at short distances while this distinction in the terrain characteristics (such as altitude or distance to the coastline) might trigger different drivers for meteorological conditions. R ¼ 100 3
In order to label daily values of the candidate station after performing a daily comparison with reference series, monthly thresholds are established from high quality data and are applied to determine the outcome of the quality control unless the conditions to some special cases are met. At the end of the procedure, daily values will be labelled as valid, BV,^doubt-ful, BD,^invalid, BN,^or BI^(insufficient information).
Any candidate value with less than three auxiliary values fit for comparison will be assigned label BI.^More than one auxiliary is necessary in order to judge if a potential error is present in the measure of the candidate or if it is a fault in the auxiliary. More than two auxiliaries are desirable in order to obtain a solid global outcome based on the average of individual labels assigned after comparison of the candidate with each auxiliary.
Some special cases are labelled directly when the necessary requirements are fulfilled. Only in case of having more than seven auxiliary stations a daily value can be directly labelled according to Table 2 or considered valid with more than 15 auxiliary stations if it falls between first and third quartile of reference values.
In the general case (that is, having at least three auxiliaries and not fulfilling the conditions to be directly labelled as a special case following Table 2) , candidate values are given an individual label, L, after the comparison with each auxiliary and afterwards these individual labels are averaged in order to obtain the global label which is the definitive outcome of the quality control for the considered value. The specifics of the final labelling are detailed below, following Eqs. (6), (7), and (8).
Label for each pair candidate-auxiliary can be BV^(valid) or BN^(invalid). It is obtained using a previously set threshold, T, calculated following Eq. (6) which depends on the month of the considered daily measure and the representativeness, R (Eq. (5)), between the candidate and the auxiliary.
where C m is a coefficient which depends on the month (see Fig. 4 ).
T has a lower limit zero (ln(1)) when representativeness R is 100 (equivalent to candidate and auxiliary being the same station, i.e., at the same location and with data perfectly correlated) and grows logarithmically with increasing distinction between candidate and auxiliary (i.e., increasing distance, altitude difference and reduction in data correlation).
A difference (Dif) used for comparison (calculated with the measured value at the candidate station, PPT c , and the measured value at the auxiliary station, PPT aux ) is, in fact, a relative difference (divided by the average of both values) and scaled multiplying by the maximum, following Eq. (7).
where PPT is the daily value of the candidate (c) or auxiliary (aux). In case the difference between the measured values of the pair is under the threshold, the outcome of the individual comparison is label BV,^while cases in which the difference exceeds the threshold, the outcome is individual label BN.Î n order to achieve a final label BV^after relative comparison, the candidate station must obtain more than 50% in a weighted arithmetic mean, W m , (see Eq. (8)) of the individual labels of the pairs candidate-auxiliary. In case of obtaining between 20 and 50% of the weighted arithmetic mean, label BD^will be assigned to the candidate value and if less than 20% is obtained, the value will be labelled as BN.Ŵ m ¼ 100
Where L ¼ 1 if individual label is V 0 if individual label is N and R min is the minimum representativeness allowed, set to 70.
In the general case, where the outcome label is assigned depending on the results of daily comparison between the candidate station and auxiliaries and following Eqs. (6), (7), and (8), the monthly coefficient C m is needed to determine the threshold. Coefficient C m is displayed in Fig. 4 and was established after a study based on daily precipitation values of 150 stations of the Automatic Weather Stations Network of the SMC (XEMA) during the period 2008-2016 (when these stations have undergone quality checks on a daily basis). The threshold has been determined using the representativeness R between stations and organizing the daily relative difference of each pair by months. For each month, the value of 10 times the interquartile range above the 95% percentile of the set of points (i.e., relative differences of each pair) with the same R was found. Subsequently, the obtained values were fitted logarithmically, according to their R, to find the equation later used as threshold. These equations have the form of Eq. (6), where the coefficient C m depends on the considered month. Figure 5 shows the C m coefficients found for each month. Figure 6 shows two examples of observed differences, points obtained at 10 times the interquartile range above the 95% percentile and the adjusted threshold functions for those months.
The empirically obtained coefficients C m show a seasonal cycle with high values in the summer months and low values in winter (Fig. 5) . The highest values correspond to months when summer storms are likely to occur (that is from midsummer to early autumn, i.e., July to September); these storms are characterized by short episodes of heavy rain which yield an extremely irregular pattern on surface measuring stations with potentially high rainfall amounts at some points and, hence, cause high differences in measures taken even at close locations. On the other hand, winter months (December to February) are characterized by episodes of continuous uniform rain which yield homogenous spatial patterns with low differences in measures taken at distant locations. In between, we find months corresponding to spring and late autumn which can produce both kinds of rainfall episodes but tend to present widespread rain and usually coincide with the rainiest seasons in the region of our study.
Verification of the quality control
The daily rainfall quality control performed on the set of available stations in the SMC database has been verified by introducing controlled errors and analyzing the obtained results. The quality control method can be verified taking advantage of the availability of data from automatic stations incorporated into the XEMA network managed by the SMC. Data measured at these stations is subject to a daily manual validation by the SMC technicians that has been carried out since 2008 and up to now.
In order to perform a verification of the automatic quality control method, the results obtained in 160 stations across the territory (see Figure 7 ) have been analyzed after introduction of controlled errors in the data. It is performed by means of a count of false positives (type I error) and false negatives (type II error). Labels produced by the method in the days of the 160 selected control stations, without any data modification involved, account for type I errors. The introduction of controlled modifications accounts for type II errors. This modifications are introduced by using a multiplicative factor, different at each execution, on each value over 0 mm at one series at a time (i.e., data from the candidate station is modified while auxiliary stations maintain their original values). In our case, type I errors are cases in which the method labels a correct value as invalid; it can be calculated as a percentage of BN^labelled values over the total number of cases that the method is capable of labelling, considering the control series (which are known to be correct). A total number of 465,551 cases have been considered in order to calculate type I error; it is the number of days that the relative quality control is capable of labelling (considering the 160 control series). The verification result indicates that the type I error committed in the method is on average 0.7%, for values under 50 mm there are a 0.1% of false positives, at most 1.5% for rainfall values under 100 mm, and under 10% for rainfall values under 150 mm; greater amounts have not been considered as these quantities have seldom been measured by the analyzed valid stations (in fact, only 63 cases are measured between 100 and 150 mm).
Type II errors, in our case, are undetected errors in available data, i.e., cases which the method labels as valid but are actually invalid. Given the fact that actual errors in data are uncontrolled and it is precisely what we are trying to flag, the analysis of this type of error produced by the method is performed by introducing controlled errors in valid data, that is, in the subset of control series that are labelled as valid by the method. These controlled errors have been introduced by multiplying the measured value by a factor and the results have been analyzed depending on the rainfall amount indicated by the original value and the magnitude of the introduced error. However, type II error depends on the magnitude of the introduced error (i.e., for errors that yield a value which is very similar to the original measure, failing to reject the error is not a deficiency of the method) and the amount of actual rainfall (i.e., for small amounts, the capacity to distinguish between original measures and values modified by a multiplicative factor is limited by rainfall's inherent variability). In this way, type II error is reduced as the magnitude of the error grows as well as with higher amounts of rain.
Results of type II error obtained on the verification are displayed in Fig. 8 , where it can be seen, for instance, that errors of five times the correct value for rainfall under 20 mm are not detected in 16% of the cases whereas a similar type II error is found for errors of twice the correct value in the case of rainfall up to 100 mm.
The method becomes optimal when both types of errors are minimized. Knowledge of the results of this verification ensures that, in the results obtained through the quality control method, data labelling as Binvalid^is done with great security (since type I error is very low). On the other hand, data labelled as Bvalid^is better ensured for high amounts rather than for low values. Therefore, this methodology is suitable for quality controlling extreme values (above 50 mm) yielding type II error (failing to reject invalid data) under 16% when data is twice the correct value.
Results and discussion after the quality control
The outcome of the quality control procedure has yield a label for each daily value of the whole set of available series in the database of study. Table 3 summarizes the number of analyzed cases and the obtained labels after the quality control procedure was applied.
After the performed quality control, it is observed that an important part of the days (25.1%) has not been labelled according to their quality because there is not enough information to reach a decision and has been labelled as BI.R egarding the number of series (instead of the total daily values), nearly 5% of the initially available 1726 series have a minimum operating period of 15 years over which it has not Fig. 6 Threshold functions P95+ 10 IQR fitting for February and September been possible to perform the relative comparison at any time. This is a weakness of the method triggered by low spatial density of measurements because the automatic procedure cannot label values without a minimum number of neighboring stations that comply with some requirements. However, certainty in labelling has been prioritized over forcing to produce an outcome.
The percentage of values labelled as BN^(invalid) that we found (0.2%) agree, for instance, with the rejected values (0.1%) in the study of Vicente-Serrano et al. (2010) in the northeast of Spain or with the flagged and removed values (1.58%) in the study of Serrano-Notivoli et al. (2017) in the island of Majorca (Spain). Although these studies were applied in different areas with a different data volume, a similar percentage of invalid data was expected since the origin of the data is the same.
Regarding the subset of days in which it is possible to perform the comparison, the percentage of data labelled as valid is a 99.6%. These results indicate an outstanding quality of the initial database. Even if a type II error of up to 16% might be committed, the percentage of valid data in the initial database would be between 83.6 and 99.6%.
Apart from the verification process presented in the previous subsection, a manual checking of some cases has been performed in order to further validate the automatic labelling. This analysis has revealed that an important part of correctly Fig. 7 Distribution of the 160 test automatic stations XEMA used to verify the quality control process detected errors are values with a problem on the day at which the value is assigned, specifically shifts of 1 day. Some of these cases had already been detected at early stages of the planning of the quality control procedure but we chose to overlook them due to the complication associated with approaching the detection of this sort of error.
Another check that has been made is to verify that no spatial pattern of the global index Q can be detected, i.e., the results of the quality control carried out seem not to depend on the different precipitation regimes that exist in the studied territory.
Furthermore, an analysis of the obtained results is performed based on the number of available series per year which achieve a minimum quality. It is our proposal to consider as good quality series the ones with a minimum annual index of 85 and a valid percentage of data in the automatic control of at least 95% with respect to data for which the comparative is possible to be made. However, series with acceptable quality would have a minimum annual index of 80 (as defined when this absolute quality index was designed) and detected errors up to 10% could be allowed as it is close to type I error for high amount of collected rainfall (over 150 mm). On the other hand, a stricter quality level has also been considered (90 minimum annual quality index and under 1% of flagged values). Apart from the quality, which applies to measured data that has undergone the quality control procedure, the completeness of data in the series should be considered. As it happens often with daily precipitation, an absolute completeness of daily data might be required, although, depending on the characteristics of the study, a lenient minimum can sometimes be applied. Finally, an important issue to be considered at the selection of series is the length of the series, in this case, the number of years with complete and high quality daily data. Figure 9 shows the temporal evolution of the number of series that annually comply with the three aforementioned levels of quality (acceptable, good, and excellent quality) as well as the total available series. The temporary evolution of the availability and quality of the series can be analyzed in three broad sections. In the first section (from the beginning and until the mid-1970s), the number of available stations as well as the number of high quality series increase progressively, except for the period corresponding to the Civil War, where both the quality of the series and the number of available measurement points dramatically decrease. In the second section (approximately between 1974 and 1995) , the number of available stations is stabilized and so does the number of high quality stations (being the series of excellent quality the more variable with time but being in numbers around 170 stations) so that the percentage of stations that annually exceeds the predetermined excellent quality level is approximately 49%, whereas good quality stations are 77% of total available series. Finally, in the most recent period (as of 1996), there is a sudden increase in the number of available stations caused by the proliferation of automatic stations. It should be mentioned that in the recent period (since mid-1990s), the percentage of detected errors has been reduced progressively even if the number of series that pass the established minimums of quality does not reflect it as it is strongly influenced by the completeness of the series (at the beginning, automatic stations could often present problems that avoided strict completeness of the annual data and later, once the automatic stations were well established, the completeness of the series diminished more often in the case of manual stations). Figure 10 shows the number of series regarding the length of years with high quality data. It can be observed, as expected, that for shorter required length, the number of series is higher. It is interesting to observe the percentages of series that fulfill these requirements against the total number of available series of the same length; in this way, a 47% of the series that had at least 10 years of operability (a total of 1110 series) have excellent quality and 78% good quality; regarding the series with length of at least 30 years (a total of 347 series), 32% of them have excellent quality while 66% pass the level of good quality.
Conclusions
In the present study, a quality control procedure for daily precipitation has been presented. The methodology consists in approaching higher degrees of quality by trimming the database of errors and, finally, labelling each daily value as valid, doubtful, or invalid according to the results of a comparison with suitable good quality reference series. The methodology is mostly automatic, although a manual revision is recommended at some point.
The quality control procedure has been designed after adjustment of some newly defined indexes and thresholds from the behavior of high quality data existing in the territory where it has been implemented.
The presented quality control procedure has been applied to the whole set of daily precipitation measures available in the database of the Meteorological Service of Catalonia. This dataset contains more than 10 7 data from 1726 official weather networks that have taken measures in the territory since the beginning of its instrumental history and covers the period from 1855 up to now. In this paper, we have presented and analyzed the obtained results after a thorough description of the method.
A verification of the procedure has been performed taking advantage of a manually quality controlled network present in the territory. The verification results show that on average a 0.7% of the values could be incorrectly labelled as invalid data (type I errors or false positives) and this type of error would be of 10% at the most for daily rainfall values up to 150 mm. On the other hand, the method might commit errors in failing to reject invalid data (type II error or false negative) in, at the most, 16% of the cases of rainfall over 50 mm when the reported value is twice the actual rainfall. Regarding the analysis of type II errors, the Fig. 9 Temporal evolution of the number of available stations and selected high quality stations Fig. 10 Number of series with a minimum length of years with acceptable, good, or excellent quality method gets better at quality controlling extremes of precipitation as the identification of erroneous values performs better at high amounts.
After the application of the designed quality control to the whole database, the number of days labelled as valid, taking into account the verification results, shows that between 83.6 and 99.6% of the values in the database are correct.
It has been verified that no spatial pattern has been detected for the global index Q, which means that the results found seem not to depend on the diverse climatic characteristics of the study area.
Furthermore, a selection of the high quality series is achieved. Three levels of quality have been defined, namely, acceptable, good, and excellent quality. The temporal evolution of number of series according to these quality levels is studied in order to achieve a global vision of the quality of the initial database.
The results obtained after applying the quality levels that we propose show that 47% of the series that had at least 10 years of operability (a total of 1110 series) have excellent quality and 78% good quality; regarding the series with length of at least 30 years (a total of 347 series), 32% of them have excellent quality while 66% pass the level of good quality.
A manual checking after the automatic quality control has revealed that an important part of detected errors are values with a problem on the day at which the value is assigned, specifically shifts of 1 day. Some of these cases had already been detected at early stages of the planning of the quality control procedure, but we chose to overlook them due to the complication associated with approaching the detection of this sort of error.
The newly presented quality control procedure was designed according to the needs of the SMC daily rainfall database. It has been tested using high quality series and controlled errors. After it has been applied to the over 10 7 available values, an overall vision of the quality of the database is achieved and daily rainfall series can be selected according to their quality and the requirements of further specific studies.
